We hypothesized that a freely paced 10,000 m running race would induce a smaller physiological strain (heart rate and oxygen uptake) compared with one performed at the same average speed but with an imposed constant pace. Furthermore, we analyzed the scaling properties with a wavelet transform algorithm computed log2 (wavelet transform energy) vs. log2 (scale) to get slope α, which is the scaling exponent, a measure of the irregularity of a time series. HR was sampled beat by beat and breath by breath. The enforced constant pace run elicited a significantly higher mean value (53 ± 4 vs. 48 ± 5 ml kg -1 min -1 , P < 0.001), HR (169 ± 13 vs. 165 ± 14 bpm, P < 0.01), and blood lactate concentration (6.6 ± 0.9 vs. 7.5 ± 1 mM, P < 0.001) than the freely paced run. HR and signals showed a scaling behavior, which means that the signals have a similar irregularity (a self-similarity) whatever the scale of analysis may be, in both constant and free-paced 10,000 m runs. The scaling exponent was not significantly different according to the type of run (free vs. constant, P > 0.05) and the signal (HR vs.
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, P > 0.05). The higher metabolic cost of constant vs. free paced run did not affect the self-similarity of HR and in either run. The HR signal only kept its scaling behavior only with a distance run, no matter the type of run (free or constant).The results suggest that the larger degree of pace variation in freely paced races may be an intentionally chosen strategy designed to minimize the physiological strain during severe exercise and to prevent a premature termination of effort, even if the variability of the heart rate and are comparable in an enforced constant vs. a freely paced run and if HR keeps the same variability until the arrival. In races, the choice and the variations of speed that will maximize an endurance athlete's ability to succeed in winning a race involve a complex interplay of physiological and psychological factors [1] . Although the concept of even pacing is well accepted in athletics, the best performances in middle-distance running (800-10,000 m) are actually characterized by a speed variability. If one considers the most recent three world records for middle-and long-distance running, within-race velocity varies by up to 5% [2] [3] [4] . There is some evidence of a continual negotiation carried out by the athlete designed to exhaust anaerobic energetic reserves just at the end of the race to reach critically low values for muscle glycogen and/or to reach critical levels of homeostatic disturbances only at the end [5] [6] [7] . This apparent monitoring of the magnitude of metabolic disturbance compared with the expected requirements of an exercise bout has recently been integrated into a cohesive hypothesis labeled as the teleoanticipation, or "central governor," hypothesis [7, 8] . Therefore the exploration of physiological limits for exercise must be approached also in an exercise model where the subject is free to regulate pace [2, 9] and the relationship between speed variation and physiological signals remains unknown.
Indeed, most studies have described and HR dynamics with classical linear models [10] , but the impact on the physiological functions can be completed by a possible modification of the regularity of signals as heart rate (HR) for the cardiac function [3] . The main interest of such nonlinear dynamics analysis has been to appreciate the response to unpredictable stimuli and stresses [11] . However, such an analysis is complicated by biological signals that are both irregular and nonstationary; that is, their statistical character changes as a result of variations in background influences [12] . The heart rate signal has a so-called scaling or a self-similarity behavior, and it has been already demonstrated that at rest, when suitably rescaled by the wavelet-based time series analysis, the distributions of variations in the beat-to-beat intervals for all healthy subjects were described by a single function stable 2 
O V
• over a wide range of time scales [13] . This means that there are self-similar correlations of the energy of the signal, which is a witness of its irregularity and variability at all scales. To measure this irregularity the scaling exponent of HR and oxygen uptake ( ) responses can be computed by a wavelet transform algorithm plotting log (wavelet transform energy) vs. log (scale) to get its slope α, which is the scaling exponent [12, 14] . The wavelet transform is sometimes referred to as the "mathematical microscope" because of its ability to focus on weak transients and singularities in the time series and is more adapted than Fourier transform for nonperiodic signals [14] .
These scaling properties suggest that the nonlinear regulatory systems are operating far from equilibrium and that maintaining constancy is not the goal of physiological control [13, 15] . Indeed, a scaling function was not found in a group with cardiopulmonary instability [13] or in healthy old subjects [15] . The scaling exponent α has also been thought to be a detector of the altered fractal dynamics of gait as a measure of the degree to which one stride interval was correlated with previous and subsequent intervals over different time scales in aging and certain neurodegenerative diseases [16] . Therefore the scaling exponent may have both diagnostic and prognostic utility [17] and could now be used as a tool for the estimation of the physiological strain in different type of exercises.
Given that the ability to perform exhaustive exercise and to appropriately distribute energetic resources so that they are exhausted just at the end of a competition, and that some of the physiological response to exercise may not be well represented by linear dynamic models, the purpose of this study was to compare the mean values and scaling behavior of HR and throughout constant vs. free-paced exhaustive 10,000 m runs performed at competitive intensity. We hypothesized that the spontaneous speed throughout the race is a strategy to minimize the physiological strain that can be approached by a decrease of the mean heart rate and oxygen uptake and by a preservation of heart rate variability measured by its self-similarity properties (scaling exponent α) throughout the races.
METHODS
Experimental design. Ten pairs of 10 km races composed of two all-out 10 km runs were compared: one performed at a free pace until exhaustion, and the other at the same average, but at a constant pace. Each run performed by 3 subjects during 5 weeks was separated by three days. The subjects felt to have recovered between each trial and participated in no other sports activities. Those who were endurance-trained (age 23 ± 3 yr; height 174 ± 5 cm; weight 74 ± 11 kg) provided voluntary written informed consent in accordance with the guidelines of the University of Evry. One week before the first 10 km, the subjects performed an incremental test to determine the maximal oxygen uptake ( max ), the velocity associated with max (v max ), and the running velocity at the lactate threshold (vLT) [18] . During the 5 following weeks, they performed one pair of 10,000 m runs per week: one at a freely chosen pace and the second carried out three days later at the same average speed, but with pacing imposed. Therefore in one month we succeeded in getting 10 pairs of free and constant-pace runs performed by three subjects. Two subjects performed four pairs, and one subject performed two pairs of constant and free-pace runs. Therefore it was possible to compare velocity characteristics in 10 constant vs. free-pace runs.
All tests were performed on a 400 m track at the same time on windless days (<2 m/s, anemometer, Windwatch, Alba, Silva, Sweden) at a temperature ranging from 19 to 22°C. On the days between two tests, the subjects were asked to undertake easy jogging at a very low pace (heart rate <130 bpm). Before testing, they were asked to restrain from food or beverages containing caffeine. For the second test (see below), the runners followed a pacing cyclist traveling at the required velocity. The cyclist received audio signals via a Walkman with signal intervals determining the time required to cover the distance between visual marks set at 10 m along the track (inside the first lane). For all the tests, a measurement of was carried out with a portable gas exchange analyzer (K4 b 2 , Cosmed, Roma, Italy) [19] . Expired gases were measured breath by breath. Before each test, the O 2 analysis system was calibrated by the use of ambient air, whose O 2 percentage was assumed to be 20.9% and a gas of known CO 2 percentage (5%); the calibration of the turbine flowmeter of the K4 b 2 was performed with a 3-liter syringe (K4 b 2 instruction manual). The heart rate was measured beat by beat by radiotelemetry (Polar, Finland) and was transmitted and registered by the K4 b 2 to be coupled on the breath-by-breath data.
PROTOCOLS

Incremental test for
max, v max determination and the running velocity at the lactate threshold (vLT). The subjects started at a speed equal to 10 km h -1 for 3 min, and the speed was then increased by 1 km h -1 . For every further stage the subjects increased their velocity by 1 km h -1 . Blood was collected by the experimenters placed on the track according the stage's speed and duration of the protocol. Each stage was separated by a 30 s rest, during which a capillary blood sample was taken from the fingertip and lactate was measured (YSI 27 analyzer, Yellow Spring Instrument, Yellow Spring, OH). The velocity at the lactate threshold (vLT) was defined as the speed at which an increase in lactate concentration corresponding to 1 mmol l -1 occurs between 3.5 and 5 mmol l -1 [20] and
• was determined by two independent experimenters. The test was stopped when the subjects gave up or did not succeed in following the pace given by the cyclist, i.e., when they were more than 5 m behind the bicycle.
The maximal oxygen uptake ( max ) was defined as the highest measured. During this test, v max was defined as the lowest running speed that elicited max and maintained for more than one minute. If during the last stage an athlete reached a peak while exercise was not sustained at least 1 min, the speed during the previous stage was then considered as v max . If this maximal velocity was only sustained for more than 1 min and less than 2 min, then v was determined as the average between the last and previous stage speeds (i.e., 1 km h -1 / 2 = 0.5 km h -1 ) [18] .
Constant and free paces over 10,000 m races. The constant and free-pace runs over 10,000 m were performed after a 15 min warm-up at 50% v max and a 5 min rest in order to reach oxygen uptake and blood lactate concentration baselines. For the free-speed 10,000 m race, the subject was instructed to run as fast as possible. During these runs, the subjects were asked to optimize their performance, but they were neither informed of their own velocity, nor could they use any kind of timing device. For each 10 m stretch, the time was recorded by two moving timekeepers (chronometer, Digisports Instruments, Seyssins, France) set exactly on the runner's side (in an electric car) to avoid a parallax error when crossing visual track marks. Because the two recordings were manually operated, they were checked to make sure they were similar, which was always the case. For the constant velocity runs, the subjects were instructed to follow a pacing cyclist moving at the average velocity of the 10,000 m performed three days previously. They were asked to maintain the pace as long as possible. In the constant 10 km run, as in the incremental run, the test was stopped when the subjects gave up or could not follow the pace given by the cyclists, i.e., when they were more than 5 m behind the bicycle. In all instances they were exhausted, and when they finished the constant-pace races, the running time was similar to the time of the free-pace race.
Blood lactate samples were collected after the warm-up and at 1, 3, and 5 min following exercise. The highest of these values was taken as maximal blood lactate value for each test.
Running time analysis. During the free-pace runs, the time (t i ) required to cover the distance between two boundary marks was precisely recorded. The boundary marks were all spaced 10 m (∆d) apart. The running speed (v i ) between successive boundary marks was thus calculated as v i = ∆d/∆t i . This measurement allowed temporal resolution at velocity changes 40× more frequently than during previous studies performed with a lap every 400 m. To obtain further information about speed variability throughout the running test, we performed a wavelet analysis on these specific signals (speed vs. time).
Continuous wavelet transform. The decomposition of a signal by wavelet transform requires a ψ function that is adequately regular and localized, called a mother function. Starting from this initial function, a family of functions is created by dilatation and translocation, which constitutes the so-called wavelet frame. Indeed, the wavelet transformation is a convolution product of the time series with the scaled and translated wavelet ψ(x) [14] . The wavelet that is being used determines the optics of the microscope; its magnification varies with the scale factor s. The details of this method are described in the APPENDIX.
The effect of fatigue. Since the subjects were instructed to run as fast as possible in the free-pace run, we considered that the fatigue of the runner increased throughout the 10,000 m races. Therefore to appreciate the effect of fatigue, the recorded and HR signals were split into four parts of 2,500 m; each 25% of the 10,000 m was analyzed with our algorithm, and we checked whether or not physiological and speed signals still obeyed a scaling law with fatigue according to the type of run (free vs. constant speed).
Statistical analysis. Statistical analyses were performed with the software MATLAB ® (MATHWORKS, Narick, MA) and Sigma stat ® (SPSS, Inc., San Rafael, CA). Because the data were normally distributed, we used a Student's t-test for paired data to compare each data set in the constant vs. the free-speed run. To test the effect of fatigue under each condition (constant vs. free speed), we compared each quarter of the race (25%, 50%, 75%, and 100% of the 10,000 m), using a one-way analysis of variance for repeated measurements. The correlations between two continuous variables (e.g., heart rate roughness vs. speed in percentage of v max ) were measured by using the Spearman or Pearson correlation coefficient r, depending on the distribution of the data. The results are presented as mean ± SD. The coefficient of variation (CV) is the variability normalized to mean value (CV = 100 × SD/mean). The independent variables were the subjects and the distances run. The dependent variables were the roughness of the speed, the heart rate, and the oxygen uptake time course. Significant differences are identified by Tukey's test and have been set at P < 0.05.
RESULTS i) Maximal values of the incremental test
The maximal values of the incremental test were a maximal equal to 60.5 ± 4.9 ml kg -1 min -1 , a maximal heart rate of 184 ± 8 bpm, and a maximal blood lactate of 12.3 ± 3.4 mM. The lactate threshold velocity was equal to 79.0 ± 4.4% of v max . The first set of data concern the physiological responses during the 10,000 m runs in
• reference to maximal data obtained during the incremental test.
ii) Speed and physiological responses in free-and constant-speed 10,000 m races , and speed in one pair of the 10 km. The average speed was not significantly different between free and constant speed runs (3.93 ± 0.31 vs. 3.85 ± 0.22 m s -1 , P = 0.08). The coefficient of variation of speed inside the 10,000 m run was significantly higher in the free vs. constant speed race (8.7% ± 2.1% vs. 6.1% ± 1.1%, P = 0.003). The average oxygen uptake reached in the constant speed run was significantly higher than in the free run (53 ± 4 vs. 48 ± 5 ml kg -1 min -1 , t = -5.41, P = 0.0001) (Fig. 4) . The subjects elicited 78.8% ± 8.7% vs. 87.4% ± 8.2% max in free vs. constant speed runs (t = -2.6, P = 0.02). This was significantly higher than the at the lactate threshold (106.9% ± 8.6% and 121.0% ± 9.0% of at vLT for free and constant-pace 10,000 m runs, respectively). Although the exercise intensity exceeded LT in both free and constant-pace runs, we did not observe a slow component of . Postrun blood lactate concentration and maximal heart rate were also significantly different higher in the constant vs. free-pace run (7.5 ± 1.0 vs. 6.6 ± 0.9 mM, t = -4.95, P = 0.004; 165 ± 13 vs. 169 ± 14 bpm, P = 0.002). There was evidence of HR drift in the constant velocity run, but not during the freepaced run.
iii) Difference in scaling laws in free vs. constantpaced runs Scaling exponents were found for speed, heart rate, and . For both types of races (free and constant pace), heart rate, , and speed followed a scaling law, since α < 0.5 (Table 1) . Moreover, the type of run did not affect α (p > 0.05 for free-or constant-pace runs, Table 1 ). However, when we compared α between the different physiolog- 
ical and speed signals we saw that during the constant 10,000 m run, the scaling exponent α of the heart rate was significantly higher than those of and speed (1.37 ± 0.33 vs. 0.50 ± 0.25 for speed, and 0.92 ± 0.37, P = 0.0001, for . This was not observed for the free-pace 10,000 m, since no difference in α values between , HR, or speed was found.
In the constant-pace runs, HR roughness was inversely correlated with exercise intensity relative to the oxygen uptake at the lactate threshold velocity (r = -0.67, P = 0.03). This means that during the constant-pace runs, the more intensive the race, the lower the HR roughness. This was not found in the free-pace runs.
iv) Effect of fatigue, i.e., the distance run, on the scaling law in the constant vs. free-speed races
When we compared the exponent α between each quarter of the 10,000 m run (0-2,500 m, 2,500-5,000 m, 5,000-7,500 m, 7,500-10,000 m), the scaling law in HR signals did not disappear with the distance run in contrast to and speed (Table 2) . Indeed, whatever the type of run, we saw that the scaling exponent decreased with the distance run for speed and but not for heart rate (P = 0.38) ( Table 2) .
DISCUSSION
Indeed, the present study demonstrates that the metabolic cost of the constant-pace runs was higher than the freepace one, considering the mean , HR values and final blood lactate concentration [21] . Furthermore, this study, which was the first to provide a time series analysis of cardiovascular response in a supracritical velocity exercise performed until exhaustion, showed that scaling exponents for HR and were not significantly different in free vs. constant runs and were close to 1. Indeed, these signals look like a 1/f noise where all points in the data set are correlated in time and are not independent, α = 1.0. . 3 . Typical heart rate (HR), oxygen uptake ( ), and speed time course during one pair of the constant-vs. freespeed 10,000 m runs.
However, by comparing the scaling exponents of each quarter of the racing distance, we found that only the heart rate signal kept this scaling law, no matter the type of run (free or constant). Indeed, the scaling law in HR signals did not disappear with the distance run in contrast to speed and signals. This may suggest that heart rate could be a candidate as a variable controlling the speed in a teleoanticipation hypothesis [8] . The free-pace runs allowed a feed-forward control and response to afferent feedback from multiple central and peripheral sensors for the brain, which pace the body during the run, specifically to ensure that the preplanned activity is completed without any loss of cellular homeostasis [8] .
i) The constant-pace run resulted in higher metabolic cost than the free-pace run
The subjects were exhausted at the end of the race before having reached max and HR max. When they crossed the finish line, however, they were unable to walk anymore, and they perceived the exercise as maximal. In two instances, one runner (subject No. 1) was unable to finish the 10,000 m at a constant pace; that is why he finished only two races, despite four attempts. All subjects complained of severe difficulty at the end of the constantpace run, which was perceived to be more difficult compared to the free-pace race, even if the average speed of the constant race was calculated from the free race. It could be argued that the constant-speed run came after the free race and was not in random order. However, as explained in the method section, the free-pace run was needed to calculate the average speed of the paired constant same-average speed run. To avoid any bias inherent of the fatigue effect on the and lactate concentration, we made each pair of free-and constant-pace runs successive to avoid the effect of muscle and mental fatigue on the different pairs of 10,000 m.
In the present study performed over 10,000 m, the highest blood lactate concentration measured at the end of the constant-pace run was accompanied by a higher value.
increased more in the constant pace, and this agrees with the not plateauing below max during the suprafatigue threshold velocity run [18, 24] . In the constant-pace runs, the more intensive the race in reference to oxygen uptake at the lactate threshold speed, the lower the HR roughness, which is the slope of the log 2 energy of the HR signal vs. the log 2 scale of the signal analysis. This may suggest that the intensity of constant-pace runs plays a major role in the variability of the heart rate. However, we have no comparable data provided in the scientific literature that addresses this point.
Even if all the studies are in accordance with Townsend [9] , who demonstrated with functional optimizing methods that the constant velocity strategy gave a much slower overall time, we still do not know the mechanism of the control of this speed according the athletes' feelings [8] . The maintenance of heart rate variability, which is the signature of health preservation, even in exhaustive exercise is in accordance with the model of exhaustion proposed by Calbet et al. [24, 25] and Noakes et al. [26] , who postulated that the central nervous system regulates the exercise performance specifically to ensure that cardiac or other damage does not occur during exercise, regardless of the environmental conditions (as hypoxia) or exercise (performed until exhaustion as races). This is why the nonlinear dynamics analysis of the heart rate signal, which is a witness to the central nervous system balance, could be during exercise a way of approaching the fatigue effect on 
• such regulation by the central nervous system. However, it may also be possible to analyze the speed regulation mechanism, knowing that the signaling role for muscle glycogen in the regulation of pace during prolonged exercise (2 h at 75% of max ) has been recently reported [27] . In these 10,000 m runs, the glycogen reserve could be a limiting factor; the impossibility of recovering during a constant-pace run could accelerate glycogen depletion during these 40 min runs at supralactate threshold velocity. A minimum of glycogen is needed to initiate the muscle burst [28] . Therefore the anaerobic reserve, which also depends on glycogen reserve, given that very few lipids are used at high speeds, has also been considered as a speed regulator [36, 37] . Indeed, Fukuba and Whipp [1] have reported that the ability to vary the velocity above the fatigue threshold velocity depends on the ratio between the anerobic reserve called "anerobic work capacity" in joules (the so-called endurance parameter ratio) and the fatigue threshold velocity.
ii) Nonlinear dynamics of the variability of HR, , and speed during the 10,000 m races
The scaling exponent is a measure of the roughness or irregularity of a time series, which is calculated from the log-log plot of the energy of the signal vs. the scale of analysis. The straight-line relationship implies that cardiac interbeat dynamics follow an inverse power law and exhibit scaling that indicates the presence of long-time self-similar correlations extending over hundreds of beats. The serial dependence or "memory" observed in cardiac time series is a reflection of different regulatory mechanisms that, although acting mutually independently on different time scales, are tied together, and their effects on heart rate dynamics are interconnected by scaling. This behavior, which operates against lawlessness, is essentially what is called a "fractal random process."
Beyond the quantitative aspects of the higher metabolic stress of the constant vs. free-pace runs, the nonlinear dynamics of the variability of the heart rate signal during these races was examined. The analysis of the adaptations of the autonomic nervous system activity has been widely studied through heart rate variability with Fourier transform to appreciate the autonomic control of heart rate variability during and after exercise [31] [32] [33] . Only one study [3] addressed spontaneous velocity changes with fatigue in all-out runs over the distance limit (dlim) at free spontaneous velocity or the same average, but constant, velocity (the minimal velocity that elicits max in an incremental test (v max ). They used Fast Fourier transform to analyze the run speed and the physiological response ( and heart rate) variations. That study [3] suggested that an athlete might unconsciously modify his velocity to maintain a physiological steady state. In all subjects, no apparent systematization in running-speed changes was reported. In all-out runs over 2,000 m (dlim at v max ), oxygen kinetics appeared not to be significantly different between free or enforced constant-velocity races. However, if Fast Fourier transform helps to decompose a signal to its frequency components and to determine the relative energy of each component, it does not tell when the signal exhibited the particular frequency characteristics. For this reason, wavelet transform, a relative recent development, provides a general signal-processing technique that can be used in numerous biomedical applications [33] .
The interpretation of α can be similar to α when plotted as a function of the log of stride-interval fluctuation vs. the log of time scale n [16] . Hausdorff et al. [16] used the scaling exponent to quantify the correlation between fluctuations of strides with variations in the stride intervals hundreds of strides earlier. Thus they demonstrated that stride interval exhibits long-range power law correlations. Here we showed that a scaling function exists for heart rate,
, and speed variations during all-out 10,000 m runs performed at constant or free paces. Also, the scaling exponent for the variation of heart rate was significantly Table 2 . Effect of distance run on the scaling exponent α, of speed, heart rate, and oxygen uptake. A: effect of run, i.e., constant-vs. free-pace runs; B: effect of distance run. A × B: effect of distance considering the type of run.
Average speed α
Average oxygen uptake α Average heart rate α A: P = 0. 1.224 ± 0.42
• higher compared to the variations of and speed signals. This means that speed, , and heart rate variation in each fraction of the 10,000 m depend on the previous one. Considering the α values, which are above 0.5 (the α value for the white noise, i.e., a random signal), it can be suggested that the signal of , speed, and heart rate exhibit a persistence or long-range correlation or memory. This means that if the signal has been increasing during a period τ prior to time t, it will then show a tendency to continue that trend for a period τ after time t [34] .
With accumulated distance, the scaling exponents decreased after the first quarter (2,500 m) of the race in both the constant and the free-pace runs. This was not so for heart rate. This may suggest that there is a "long memory" for heart rate and that it could be a major feedback signal for the central governor, which controls the variation in speed and thus the oxygen uptake. Nowadays, healthy systems are not thought to be regulated to reduce variability and to maintain physiologic constancy. Contrary to the predictions of homeostasis, the output of a wide variety of systems, such as the normal heartbeat, fluctuates in a complex manner, even under resting conditions. Therefore healthy free-running physiological systems have complex self-regulating mechanisms that generate signals that have invariant dynamic scaling [35] .
CONCLUSION
This study showed higher and heart rate responses in constant vs. free-pace 10,000 m runs performed until exhaustion. The higher metabolic cost of constant vs. freepace run did not affect the self-similarity of HR or in either the constant or the free-pace run. The HR signal kept its scaling behavior only with the distance runs, whatever the type of run (free or constant). The results suggest that the larger degree of pace variation in freely paced races may be an intentionally chosen strategy designed to minimize the physiological strain during severe exercise and to prevent the premature termination of effort even if the variability of the heart rate and are comparable in enforced constant vs. freely paced runs and if HR keeps the same variability until the arrival. Therefore further work on middle-distance runners needs to be carried out to better understand the dynamics of speed and physiological responses in exhaustive free-pace exercise performed in relation to the optimization of performance.
APPENDIX
Continuous wavelet transform. The analysis consists of sliding a window of different weights (corresponding to different levels) containing the wavelet function along the whole signal. The calculation provides a serial list of coefficients, called wavelet coefficients, that represent the evolution of the correlation between the signal f and the chosen wavelet at different scales of analysis (or different ranges of frequency, since high scale = low frequency and vice-versa) all along signal f. Therefore a continuous wavelet transform analyzes the local regularity properties of signal f.
We used the continuous wavelet transform to analyze the recorded physiological signals. By computing the wavelet transform energy over a time interval as a function of scales. The log 2 of this energy is plotted against log 2 (scale). If this (log, log) representation is a line of slope α, then the signal is scale invariant (scaling) and the scale exponent α measures the roughness of the signal, which quantifies its variation. Therefore a wavelet transformation algorithm calculates log (wavelet transform energy) vs. log (scale). If this function can be described by a line, then the signal obeys a scaling law and the slope, called a scaling exponent, measures signal roughness (variability), which is maximal when the slope is zero. This means that the lowest scales (highest frequencies) contain as much energy of signal as the largest ones [34] .
We chose the first derivative of the Gaussian θ (x) = exp (-x 2 /2) as the wavelet, which is well localized in time and frequency. The scaling and translation actions are performed by two parameters: the scale parameter "s," which "adapts" the width of the wavelet to the resolution required, and the position parameter "u," which locates the analyzing wavelet:
(1) Scaling properties. For each scale s, the wavelet-transform energy:
Then energy f (s) is the sum of the square of the values of a line in the time-scale wavelet transform representation (Fig. 1) ; u is an integer and is sampled as in Mallat [36] . If energy f (s) ≈ cs α , then log 2 (energy f (s)) ≈ αlog 2 (s) + log 2 (c)
The log 2 (energy f (s)) graph plotted vs. log 2 (s), can therefore be approached by a line of slope α; then the signal obeys a scaling law and exhibits a certain form of scale invariance. The slope α is the scaling exponent used to estimate signal roughness, which quantifies the signal variation.
If f and g are two signals so that α < β, 0 < s < 1, energy f (s) ≈ s α and energy g (s) ≈ s β , we then obviously have s α > s β . Therefore energy f (s) > energy g (s). This means that roughness (f) > roughness (g). Therefore this exponent α provides a measure of the "roughness" of the original time series: the larger the value of α, the smoother the time series. In this context, 1/f-like noise (α = 1) can be interpreted as a "compromise" between the complete unpredictability of white noise (α = 0.5) and the much smoother "landscape" of Brownian noise (α = 1.5) [14] . We illustrated scale invariance and roughness measure with two Weierstrass functions shown in Fig. 2 (at top) . This figure shows the log 2 (energy f (s)) graph plotted against log 2 (s) for each Weierstrass function0 (at bottom). Lines with a nearly constant slope show that both functions obey the scaling law. Because the right Weierstrass function has less roughness (is smoother), the slope of the right line will be greater than the slope of the left one. 
